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We consider the case where the saturated and un-equilibrated initial stage of a high multiplicity
p-p and p-Pb collision, may, due to high occupation number, display superfluid properties. The
special case of a plasma of SU(2) gluons formed in the collision of two nuclei with deeply saturated
gluon wave functions is considered. Color gauge symmetry is broken by the presence of a net non-
vanishing, space-time dependent color expectation value. A two component scenario is envisioned,
containing momentum states that are densely occupied below the saturation scale and a dilute
normal fluid of excitations within this state. The spectrum of these excitations is shown to have an
energy gap and thus it is hard to excite quanta out of the condensed state. Consequences for the
stress energy tensor are outlined, in particular the possibility of near inviscid flow is discussed.
PACS numbers:
In the last few years, the LHC experiments have
been able to carry out systematic studies of high
multiplicity p-p [1, 2] and p-Pb collisions [3–6]. By
high multiplicity, we specifically mean that the total
number of detected particles is N >∼ 100: a termi-
nology instituted by the experiments. Such events
demonstrate long range correlations in rapidity, and
have transverse momentum spectra and harmonic
flow coefficients that can be approximately described
assuming that the produced “medium” obeys almost
inviscid fluid dynamics [7–11], with a viscosity to en-
tropy density (η/s) similar to that used for heavy-ion
collisions. There has also been an attempt based on
the parton cascade [12]. All these efforts are based
on the presence of a considerable amount of collec-
tive flow within the small medium represented by p-p
and p-Pb collisions, which are assumed to thermalize
after a short time τ∼0.6fm/c. With the exception of
the parton cascade approach [12] and the conjecture
of transversely expanded initial nucleonic states in
Ref. [11] there has been no attempt to understand
the origin of this short thermalization followed by
the inviscid fluid behavior in these systems.
In this Letter, a microscopic description of the
medium produced in such systems is proposed.
While some manifestation of this picture may also
be applicable to heavy-ion collisions, we refrain from
making such a connection at this point. The mech-
anism proposed in this letter should, currently, be
applied solely to p-p and p-Pb collisions (we are
specifically referring to collisions at LHC energies
where very high multiplicity events have been de-
tected). Our central premise is that the initial state
in very high multiplicity p-p and p-Pb collisions has
the properties of a superfluid, due to very high occu-
pation number of gluons in all states up to a scale of
the order of the saturation scaleQS , and a dispersion
relation of excitations that makes it difficult to excite
gluons out of this state. In what follows, the causes
for the appearance of this state will be outlined. An
effective Lagrangian for the simple case of quark-
less SU(2) containing the condensate of gluons and
small amplitude excitations will be surmised. The
dispersion relation for the excitation spectrum will
be derived. Consequences for the ensuing form of
the stress-energy tensor (T µν) will be outlined.
It is now widely accepted that the initial state of p-
p, p-A collisions (and also A-A, with A representing
a large nucleus) contains a very high density of vir-
tual gluons which populate the low forward momen-
tum, or low-x, part of the nucleon or nuclear wave-
function (x = p+/P+, where p+ = (p0 + pz)/
√
2 is
the parton light cone momentum and P+ is that for
a nucleon) [13–15]. We are assuming the colliding
beams to be traveling in the z direction. While the
gauge fields in this configuration, called the “color
glass condensate” are mostly transverse due to the
large boost of the nuclei, the fields immediately after
the collision have both longitudinal and transverse
polarizations, carry topological charge, and are com-
monly referred to as the “glasma” [16]. Fluctuations
in the glasma have been related to the long range
correlations in the rapidity called the “ridge” [17],
recently seen in high multiplicity p-p and p-Pb colli-
sions, and most prominantly in heavy-ion collisions.
Attempts to match the initial conditions that arise
from the dynamics of the glasma to the start of hy-
drodynamic evolution have also been made [18, 19].
There has also been the attempt to argue that in the
course of thermalization of the glasma, due to the
overpopulation of soft modes with momentum be-
low the saturation scale QS , a gluonic Bose-Einstein
condensate (BEC) [20] would arise in such systems.
The work in this Letter, is somewhat related to the
latter work mentioned above, however it neither re-
quires thermalization, nor Bose-Einstein condensa-
2tion to demonstrate the presence of superfluidity in
such systems. There is also no requirement that full
saturation dynamics have set in, only that there is a
large enough density of softer gluons that one may
use classical fields to describe this state.
Imagine the collision of two protons at very high
energy. Both wave functions of the two incoming
protons possess gluon distributions that are satu-
rated up to a transverse momentum of k⊥ <∼ QS ∼
αSNcxG(x)/(πR
2), where αs is the strong coupling
constant, Nc is the number of colors, G(x) is the
gluon distribution function and R is the transverse
radius of the proton. All these gluons represent col-
ored fluctuations from the high momentum (hard)
color charges inside the proton. Those that populate
the mid-rapidity or y = log
[
p0+pz
p0−pz
]
/2 = 0 region at
LHC collisions with
√
s ∼ 5TeV correspond to an
x ∼ 10−4. The prevalent state immediately after the
collision, called the glasma, is formed by the fusion of
such low-x virtual gluons from the two nuclei, result-
ing in near on-shell gluons with k⊥ <∼ Qs. At mid-
rapidity, these gluons also have a kz ≪ k⊥, as gluons
with larger kz will appear at larger rapidities. In this
Letter we consider the small rapidity region of these
collisions at a time τ such that 1/ΛQCD≫τ≫1/QS.
This of course requires QS ≫ ΛQCD, which is only
true in very high energy collisions.
Without going into further details of the produc-
tion of the glasma, we consider its properties in very
high multiplicity events. As a first simplification, we
consider all modes from the lowest momentum scale
up to a scale Q ∼ QS to be considerably over popu-
lated, such that one can apply classical field theory
to the description of this condensed state. Modes
with momenta above Q will be considered as a dilute
gas which may interact with and produce excitations
on the saturated glasma and eventually equilibrate
with it. As such we may write down an effective
Lagrangian for the saturated soft modes and exci-
tations of this state by separating the non-abelian
vector potential as a classical part (soft modes) and
a small fluctuation (hard modes),
Aaµ = A
a
µ +A
a
µ . (1)
One can now expand the gauge field Lagrangian as
a series in the small fluctuation field A aµ , as
L0 = −F
µνFµν
4
, (2)
L1 = −F
µνFµν
4
+ V . (3)
In the equations above Fµν = ta(∂µAaν − ∂νAaµ +
gǫabcAb
µ
Acν) and Fµν = ta(∂µA aν − ∂νA aµ). In-
teraction terms between the fluctuation field and the
condensate are contained within V , expressed as,
V =
−g2
4
[
2ǫabcAb
µ
AcνǫadeA dµ A
e
ν + ǫ
abc
(
Ab
µ
A
cν
+ A b
µ
Acν
)
ǫade
(
AdµA
e
ν +A
d
µA
e
ν
)]
. (4)
In the equation above, 〈A µ〉 = 0 by definition and
we have dropped cubic and quartic terms in the
fluctuation field. We have also dropped all terms
that involve derivatives of the condensate. While
these are not vanishing, over the range of distances
and times inhabited by the fluctuation field, they
are small compared to the derivatives of the fluc-
tuation field (as well as the amplitude of the con-
densate wave-function Aaµ). In the writing of the
above set of equations, we have also simplified the
gauge group to SU(2). This is done primarily to
simplify the ensuing derivation. With the exception
of a one-dimensional weight diagram compared to
a two-dimensional weight diagram, no major differ-
ences are expected between this and the more phys-
ical case of SU(3).
We now introduce approximations regarding the
condensate within the effective theory. Rewriting
the interaction term between the classical field and
the hard fluctuation, we obtain,
V = −g
2
2
A
b
µS(bc)µνA cν , (5)
where, all factors of the classical field are contained
within S(bc)µν . In the effort to describe the tree level
behavior of the fluctuation field in the presence of
an average soft background field, an event average
over the product of background fields in S(bc)µν is
carried out. As a result, we use the following simple
approximation for the product of gauge fields,
〈AaµAbν〉 ≃
δab
Nc2 − 1
gµν
4
〈AaαAaα〉. (6)
In this Letter, the interaction of the fields will be
described using axial gauge Aa3 = A
a
3 = 0 . In
this gauge, the Aa0 = φ
a field is derived from the
equations of motion. The fluctuation A a0 = ψ
a is
introduced as a Lagrange multiplier to integrate out
the conjugate momenta using completion of squares.
To determine the effect of the interaction term on
the fluctuation field, we solve the classical equations
of motion for the background field,
Dacµ F cµν =
(
δac∂µ + gǫ
abcAbµ
)
F cµν = 0. (7)
Over the times and distances traversed by the higher
frequency fluctuation fields, one may ignore all
3derivatives of the classical background field in com-
parison to the amplitude of the fields themselves. As
a result, the equations of motion simplify: e.g. for
the case of ν = 0 to,
ǫabcAbµǫ
cdeAdµφe0 ≃ 0. (8)
For ν = 3, due to the choice of axial gauge, the
leading term has one derivative,
ǫabcAbµ∂3A
cµ ≃ 0. (9)
The other components ν = 1, 2 will yield equations
similar to Eq. (8).
Since the glasma gauge fields have been sourced by
the virtual gauge fields in the colliding nucleons, the
initial conditions are determined in every event given
a model of the transverse gluon fields in the colliding
nucleons. The equations above, describe the behav-
ior of the scalar potential φa and the behavior of the
transverse gauge fields over short times after the col-
lision. Over longer time periods and larger distances,
the higher derivatives will no longer be negligible.
Our goal here is to demonstrate the possibility of
of a mass gap for excitations with momenta above
the saturation scale. We now introduce an ansatz
for the classical field which will include a conden-
sate. Here we follow the work of Refs. [21, 22], and
decompose the classical vector field as
A+
j
=
A1
j
+ iA2
j
√
2
= ρjeiζ (j = 1, 2), (10)
A−
j
=
A1
j − iA2j√
2
= ρje−iζ & A3
j
= Zj ,(11)
where, ρ =
√
ρ2x + ρ
2
y is the amplitude of the con-
densate and ζ is the phase (We have tacitly assumed
the same phase for both the x and y components:
ρx = ρ cos θ and ρy = ρ sin θ). The projection of
ρje±ζ and Zj along the (x, y)-axis are assumed to
factorize, i.e., ρj = ρaˆj and Zj = Zbˆj, where aˆ and
bˆ are 2-dimensional unit vectors. The presence of
a condensate naturally breaks both color symmetry
and rotational symmetry. In this first attempt we
will ignore any effect of the breaking of rotational
symmetry. The symmetries are broken explicitly (by
the collision of two nucleons) and not spontaneously.
As a result there are no massless Goldstone bosons.
One can also decompose the scalar potential in a
fashion similar to the transverse fields,
φ+ = V eiη , φ− = V e−iη , φ3 = U, (12)
i.e., the scalar potential can be out of phase with
the transverse gauge fields. Substituting these back
into Eqs. (8,9) along with the equation for ν = 3
and obtain two sets of solutions. One of these so-
lutions leads to negative total energy and this will
be ignored. In what follows we focus on the positive
energy solution. We obtain equations for the gauge
fields and their derivatives from Eqs. (8,9), by equat-
ing real and imaginary parts; these yield V = ρ, and
U =
2ρ2Z cos (ζ − η) aˆ · bˆ
2ρ2 + Z2(1− aˆ · bˆ) . (13)
The two phases are related to each other as η = ζ +
∆φ, where ∂3∆φ = 0, and ∆φ is small enough that
sin∆φ ∼ ∆φ. These approximations, along with the
event average taken above, reduce the factor S(bc)µν
in Eq. (5) to its diagonal form gµνδ
bcS/[4(N2C − 1)],
with S given as,
S = −Z2
〈
1− 4ρ
4 cos2 (ζ − η) (aˆ · bˆ)2[
2ρ2 + Z2(1− aˆ · bˆ)
]2
〉
(14)
As a result, on average S < 0 and this term behaves
in the fluctuation Lagrangian as an m2 term (i.e., a
mass term at tree level). As a result, tree level dis-
persion relations of the fluctuation field A aµ, with
the inclusion of an interaction with the mean con-
densate will posses an energy E > p, the momen-
tum of the modes. Hence such modes will be diffi-
cult to excite and thus the condensate will be unable
to equilibrate by populating the higher momentum
modes. The incorporation of this mass term in the
propagators of the fluctuation field is akin to the
Bogoliubov transformation in condensed Bose sys-
tems [23] and similar to dispersion relations required
in the recent condensation of photons [24]. While the
analysis in this Letter is carried out in axial gauge,
we expect a mass correction to arise in other gauges
as well. Such a correction is seen to arise also in the
simplified charged scalar theory [25].
As a result of this condition, at small rapidities in
p-p and p-A collisions, for a time τ > 1/QS, there
may exist a superfluid phase in the glasma (at larger
rapidities this phase may appear at a later time).
The superfluid four-velocity is given by the deriva-
tive of the phase of the condensate [21],
uµ =
∂µζ√
σ
=
∂µζ√
∂νζ∂νζ
. (15)
As the glasma expands, the magnitudes of the con-
densates Z, ρ will tend to drop and the magnitude of
the energy gap will drop. As a result, with increas-
ing time, it will become progressively easier to excite
modes out of the condensate leading to a diminish-
ing of the condensate and population of the “nor-
mal fluid” of excitations (hard modes). For small
4systems produced in p-p and p-A collisions, it is not
clear if there will be a further inviscid fluid phase
due to the strong interactions in the normal fluid.
It is also interesting to note that with a drop in the
amplitude of the gauge fields, the separation scale
Q ∼ QS will also drop with time and thus the fluid
will continue to become more strongly interacting
with increasing time. If the superfluid were to per-
sist past equilibration, this mechanism would pro-
vide another reason for the appearance of a BEC as
described in Ref. [20]. To determine the fate of the
superfluid phase and the possible appearance of a
normal fluid phase would require a numerical simu-
lation which is beyond the scope of this Letter.
In the limit that higher derivatives of the conden-
sate can be ignored, in particular, second deriva-
tives, and if the condensate fraction dominates over
the normal fluid, the energy-momentum tensor has
a simple form in terms of only the gauge fields. Here
we list a few of the components obtained from the
expression for the traceless part of the classical en-
ergy momentum tensor of a non-abelian theory (we
ignore issues related with operator renormalization):
Π00 = g2(∆φ)2
[
(2ρ2 + Z2)ρ2
]
,
Πii = g2[2ρ2 + Z2](∆φ)2
[
ρ2(1− 2aˆiaˆi)] ,
Π33 = = g2[2ρ2 + Z2](∆φ)2
[
ρ2
]
,
Π0i = g2aˆi[2ρ2 + Z2](∆φ)2ρ2 , Π03 = 0 etc.(16)
Such an expression for the stress-energy tensor is
only valid in the limit that the amplitude of the
gauge fields is very large compared to both the con-
tribution from the normal fluid and from derivative
terms in the condensate. With the inclusion of the
first set of derivative terms, one will obtain both
derivatives of the amplitude of the condensate (ρ, Z),
as well as derivatives of the phase φ, which will yield
factors of velocity uµ. Even at this stage, the viscos-
ity of the fluid will be effectively vanishing. With the
rise in the population of the excited modes(normal
fluid), as well as the magnitude of second derivatives
of the condensate, viscous terms will appear in the
stress energy tensor of this field. As a result, we
may hypothesize that very high multiplicity p-p and
p-A collisions will behave like an inviscid fluid from a
time τ > 1/QS, and continue to retain this behavior
until there is a sufficient population of the excited
states. The determination of the exact time when
this will take place requires a numerical simulation
of the system, which we leave for a future effort.
In this Letter, we have outlined a possible reason
for the appearance of inviscid fluid behavior in high
multiplicity p-p and p-A collisions: The appearance
of a colored superfluid of gluons. The analysis car-
ried out in this letter is very simplified, the goal was
to highlight the means by which an energy gap in
the excitations of the normal fluid may arise by in-
teraction with the condensate. The persistence of
such large fields leads to vanishingly small viscosity
in such systems and may be the underlying reason
for the perfect fluid nature in such systems. While
such a superfluid would appear a very short time af-
ter the collision, the time up to which it will persist
is uncertain at this point and will require a more
detailed numerical analysis.
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